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This review is focused on the formation of lateral domains in model bilayer membranes, with an emphasis on sphingolipids and their interaction
with cholesterol. Sphingolipids in general show a preference for partitioning into ordered domains. One of the roles of cholesterol is apparently to
modulate the fluidity of the sphingolipid domains and also to help segregate the domains for functional purposes. Cholesterol shows a preference for
sphingomyelin over phosphatidylcholine with corresponding acyl chains. The interaction of cholesterol with different sphingolipids is largely
dependent on the molecular properties of the particular sphingolipid in question. Small head group size clearly has a destabilizing effect on
sphingolipid/cholesterol interaction, as exemplified by studies with ceramide and ceramide phosphoethanolamine. Ceramides actually displace sterol
from ordered domains formed with saturated phosphatidylcholine or sphingomyelin. The N-linked acyl chain is known to be an important stabilizer
of the sphingolipid/cholesterol interaction. However, N-acyl phosphatidylethanolamines failed to interact favorably with cholesterol and to form
cholesterol-enriched lateral domains in bilayer membranes. Glycosphingolipids also form ordered domains in membranes but do not show a strong
preference for interacting with cholesterol. It is clear from the studies reviewed here that small changes in the structure of sphingolipids alter their
partitioning between lateral domains substantially.
© 2006 Published by Elsevier B.V.Keywords: Cholesterol; Sphingomyelin; Glycosphingolipid; Hydrogen bonding; Miscibility
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In the past decade a whole field of research regarding the lateral
segregation and clustering of lipids and proteins inmembranes has
emerged and resulted in a large amount of scientific publications.
Many of these publications refer to the presence of ordered do-
mains enriched in glycosphingolipids (GSLs), sphingomyelin
(SM) and cholesterol in biological membranes. Unfortunately
there has been a lot of confusion regarding the definition of lateral
domains and the distinction between the concepts of rafts, liquid-
ordered domains and detergent resistant membranes have recently
been highlighted by Lichtenberg,Goni andHeerklotz [1]. To avoid
adding to the confusion we want to restrict the discussion in this
review mostly to what is known today about the formation of
lateral domains in model bilayer membranes, with an emphasis on
sphingolipids and their interaction with cholesterol. Domains
formed by complex lipid mixtures in bilayer membranes can be
visualized [2–4], but studies defining the lipid compositions of the
different phases present in such membranes largely remain to be
conducted. The discussion and thorough on-going investigation of
the lateral distribution of sphingolipids in simpler bilayer systems
will help to further elucidate the apparently very complex functions
and organizations of these molecules in biological membranes.
Sphingolipids in general show a preference for partitioning into
ordered domains [5]. The head group structures and acyl chain
compositions of naturally occurring sphingolipids vary greatly.
The ceramide moieties with the long-chain base and long saturated
N-acyl chains promote the partitioning of sphingolipids into or-
dered membrane domains. The polar head group, which varies
from the single hydroxyl of ceramide and the phosphocholine
group of SM, to large assemblies of carbohydrates for the complex
GSLs, will undoubtedly also affect the partitioning of these lipids.
It is becoming increasingly evident that different sphingolipidsFig. 1. Molecular models of the structures of (A) D-erythro-N-palmitoyl-ceramide, (B)
3-phosphocholine, (D) D-erythro-N-palmitoyl-ceramide phosphoethanolamine, (E) 1
ythro-N-palmitoyl-β-D-galactosylceramide, (G) D-erythro-N-palmitoyl-β-D-lactosylcexhibit different segregation patterns in the lateral dimension and
many techniques are currently being used to exploit this field.
Whereas this short review will mainly focus on the role of
sphingolipids in the formation of ordered domain, the recent
literature contains many excellent reviews which describe the
lateral structure of membranes, domains and rafts more broadly
[6–12].
2. Molecular differences between sphingomyelins and
phosphatidylcholines
To emphasize the basic structural differences between sphing-
olipids and glycerophospholipids we will briefly discuss the
structures of two major lipids of the plasma membranes of mam-
malian cells, i.e., SM and phosphatidylcholine (PC). Even though
both SM and PC have the same polar head group function, the
hydrophobic part of the molecules differ greatly (Fig. 1). In
mammalian SM the most common long-chain base is sphingo-
sine (1,3-dihydroxy-2-amino-4-octadecene), with a trans-double
bond between C4 and C5 [13,14]. The saturated dihydro deri-
vative, called sphinganine (1,3-dihydroxy-2-amino-octadecane)
is also common [15]. Other bases varying in length, degree of
hydroxylation and branching can also be found in nature, but in
much smaller amounts [14]. The enantiomeric configuration of
the sphingoid base in natural SM is always D-erythro (2S,3R)
[16].
Biologically relevant SMs constitute a mixed population with
the amide-linked acyl chain differing widely in length (from 16
to 24 carbons) [15]. The acyl chain composition of SM varies
between tissues, although a common feature is that the chains are
long, giving the molecules an asymmetric nature. Most tissues
contain SMwith 16:0, 18:0, 22:0, 24:0 and 24:1cisΔ15 acyl chains
[17–19]. In PCs the acyl chains are usually shorter (16 to 18D-erythro-N-palmitoyl-sphingomyelin, (C) 1-palmitoyl-2-palmitoyl-sn-glycero-
-palmitoyl-2-oleoyl-sn-glycero-3-phospho(N-palmitoyl)ethanolamine, (F) D-er-
eramide.
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being saturated and the sn-2 chain unsaturated with one or more
cis-double bonds (about 1.1 to 1.5 double bonds per molecule
on average) [13]. The position and number of such double bonds
largely affect the interaction with other membrane components,
such as sterols or proteins. In SM there is a high frequency of
saturated acyl chains with an average of only 0.1 to 0.35 cis-
double bonds per molecule [15].When present, the location of the
cis-double bond in natural SM is usually far away from the
interface, as in nervonic acid (24:1cisΔ15) with a double bond at
C15.
The interfacial regions of SM and PC also differ significantly
from each other, SM has the amide group, a free hydroxyl on C3
and the trans-double bond between C4 and C5.[13]. The amide
and hydroxyl groups can act as hydrogen bond donors and ac-
ceptors, whereas the amide carbonyl in SM only can act as
hydrogen acceptor [20]. PC with two ester carbonyls has only
hydrogen bond accepting features. These interfacial differences
give SMs the unique ability to form both intra- and intermolecular
hydrogen bonding. NMR spectroscopic studies have revealed that
SMs form a fairly strong intramolecular hydrogen bond, unique
for the naturally occurring D-erythro-diastereomer of SM, be-
tween the sphingosine hydroxyl and the phosphate ester oxygen
in both monomeric and aggregated states [21,22]. The trans-
double bond seems to affect the strength of the hydrogen bonding
interactions, leading to weaker intramolecular, but stronger inter-
molecular hydrogen bonds in dihydrosphingomyelin assemblies
compared to SM [21,23].
The melting temperature (Tm) of most natural SMs is close to
physiological temperature, which is high compared to that of
natural PCs [15,24–27]. However, the thermotropic behavior of
synthetic acyl chain defined SMs resembles that of corresponding
synthetic PCs. SMs with saturated acyl chains ranging from 16 to
24 carbons in length have their main transition somewhere be-
tween 37 and 48 °C [26]. The Tm for pure D-erythro-N-16:0-SM
has been shown to be about 41 °C, with a small pre-transition at
29 °C [24,28]. This behavior resembles that of di-16:0-PC
[13,27]. For pure D-erythro-N-18:0-SM a single chain melting
transition has been observed at about 45 °C [29]. However, Bruzik
and coworkers were able to find four distinct gel phases in D-
erythro-N-18:0-SM samples studied by 31P-NMR, indicating
complex phase behavior for these lipids [30].
SMs with larger mismatch in length between the N-acyl chain
and the sphingosine backbone exhibited more complex thermo-
tropic behavior with multiple transitions when studied by dif-
ferential scanning calorimetry [31]. The same phenomenon has
been observed with corresponding asymmetric PCs and attributed
to chain interdigitation in the bilayer (reviewed by [27]). The
electron-density profiles of long-chain (20:0, 22:0, 24:0) SMswere
also found to suggest chain interdigitation [32]. When reviewing
the literature on the thermotropic behavior of SM, Koynova and
Caffrey found that the transition enthalpy exhibited a discontinuity
and the increase in Tm with acyl chain length leveled out at an acyl
chain length of 20 carbons [26]. They suggested that a change in
chain packing from non-interdigitated to interdigitated occurs at
this acyl chain length. As an example the thermogram for D-ery-
thro-N-24:0-SM showed twomaxima at 39.3±0.05 °C and 45.9±0.05 °C, which were assigned to the presence of two different gel
phases with different degree of hydrocarbon interdigitation [24].
Interdigitation has been suggested to lead to non-ideal mixingwith
othermembrane lipids, as evidenced by the non-idealmixing of di-
14:0-PC with D-erythro-N-24:0-SM compared to a nearly ideal
mixing with D-erythro-N-16:0-SM [24,33]. Since chain mismatch
is common in natural SMs, the mixing of such SMs with other,
mostly unsaturated and nearly symmetric lipids in the plasma
membranes of cells can also be highly non-ideal, maybe leading to
the formation of lateral domains [13].
3. Cholesterol prefers to interact with sphingomyelin over
an acyl-chain matched phosphatidylcholine
It has long been appreciated that there is a positive correlation
between the concentrations of cholesterol and SM in various
membrane fractions [34]. Cholesterol desorption or exchange
studies, both in monolayer membranes [35,36], and in bilayer
systems [37–40], unequivocally show that cholesterol desorbs
more slowly from SM-rich membranes, or is trapped more avidly
in SM-containing acceptor vesicles (following cholesterol ex-
change between donor and acceptor vesicles) than is the case with
acyl-chain matched phosphatidylcholines. The affinity of choles-
terol for N-palmitoyl-SM (PSM) in a 1-stearoyl-2-oleoyl-sn-gly-
cero-3-phosphocholine (SOPC) bilayer membrane was recently
shown to be 50% higher than its affinity for 1-palmitoyl-2-pal-
mitoyl-sn-glycero-3-phosphocholine (DPPC) in a similar SOPC
bilayer system [41]. The above-mentioned studies followed the
distribution of native or [14C]-labeled cholesterol, and did not rely
on fluorescent reporter molecules. An NMR study also showed
that [2H]-labeled 1-oleoyl-2-oleoyl-sn-glycero-3-phosphocholine
(DOPC) was much less ordered by cholesterol in a membrane
containing PSM than in a membrane containing DPPC as the
saturated phospholipid, suggesting that cholesterol had a stronger
preference for PSM than for DPPC in a corresponding three-
component bilayer membrane [42]. In a related NMR study, in
which the lateral diffusion coefficients were determined for raft-
forming lipids in a DOPC bilayer matrix, it was observed that
cholesterol interacted more strongly with PSM as compared to
DPPCundermatched conditions [43]. However, for cholesterol to
be able to favorably interact with SM, and form Lo-domains, SM
cannot have Δ9cis acyl chains in the amide-linked position [44].
Cholestatrienol is a fluorescent sterol which mimics the mem-
brane behavior of cholesterol much better than fluorescent sterol
analogues bearing bulky fluorescent groups in the side chain [45].
It partitions into liquid-ordered (Lo) domains in a similar manner
as cholesterol, and has been used as a reporter molecule for
cholesterol in laterally heterogeneous bilayer membranes [46]. In
complex lipid bilayers, in which lateral domains are expected to
be formed, cholestatrienol can be used as a fluorescent sterol
analogue together with a quencher (7-doxyl PC or 12-doxyl-PC)
which preferentially partitions into the liquid-disordered (Ld)
phase [47]. The amount of cholestatrienol exposed to quenching
by doxyl-PC thereby gives a measure of cholestatrienol distri-
bution between Lo and Ld membrane domains. As shown by
Björkqvist and co-workers in our laboratory [46], the cholesta-
trienol quenching assay reports about Lo-domain thermostability
Fig. 3. Melting of sterol/PSM-rich domains in a fluid bilayer as examined by
fluorescence quenching and differential scanning calorimetry. For fluorescence
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pholipid. The magnitude of the Δ(F/Fo) also appears to correlate
with the partition coefficient of the sterol into the Lo-phase [41].
The thermostability of the Lo-domains, as reported by cholesta-
trienol quenching, agree well with DSC thermograms obtained
for comparable bilayer systems (Fig. 3) [48]. Themajor advantage
of the quenching assay over the DSC analysis is the possibility to
obtainmolecule-selective Lo-domain information by selecting the
Lo-domain associating fluorescent probe (e.g., cholestatrienol or
trans parinaric acid-labeled ceramide, PC or SM). The cholesta-
trienol quenching method has reported the melting temperature
for sterol-enriched domains with PSM, DPPC, DSPC and DHP
SM (Fig. 2). The results also indicate that the amount of sterol
associated with the ordered domains formed with the SMs is
larger than with the PCs [46]. NMR studies of the distribution of
sterol between liquid-ordered phase formed with DPPC or SM
and liquid disordered phase containing primarily DOPC support
these findings and suggest that more sterol is found in the
disordered phase in the presence of DPPC than in the presence of
SM [43,49].
Visualization of lateral domains in giant unilamellar vesicles
(GUVs) composed of lipid mixtures containing SM as one of the
components has clearly broadened our view of the lateral mem-
brane lipid domains formed in these bilayers [2,10,50–52]. Die-
trich and coworkers used a mixture of POPC: SM: cholesterol
(2:1:1, molar ratio) andDOPC: SM: cholesterol (1:1:1,molar ratio)
to visualize the circular Lo domains formed in planar lipid bilayers
and GUVs [2]. The choice of different molar ratios in the two
mixtures can be rationalized when looking at the phase diagrams
for thesemixtures also based on fluorescencemicroscopical studiesquenching experiments (panel A), the bilayers were prepared to contain POPC/
PSM/sterol (60:30:10 mol%) and either 1 mol% cholestatrienol (CTL) or N-
trans parinaroyl-SM as probes. 12-Doxyl-PM was used as the quencher lipid
(30 mol%). In panel B, thermograms of bilayers containing either POPC or
POPC/PSM/cholesterol (60:30:10 mol%) were obtained. Redrawn from [48]
with permission.
Fig. 2. Quenching of cholestatrienol emission by 12-doxyl-PC in phospholipid
bilayers as a function of temperature. Emission intensities were measured in F
and Fo samples, composed of POPC: (12-doxyl-PC or POPC): phospholipid:
cholesterol: cholestatrienol (30:30:30:9:1, molar ratio), and heated by 5 °C/min.
The F/Fo ratio was then calculated. The figure is redrawn from [46] with
permission.of GUVs [10]. The liquid–liquid phase co-existence region in the
phase diagram is much larger for the DOPC: PSM: cholesterol
system than for the POPC: PSM: cholesterol system [10,11,52].
This is due to the fact that DOPC is unable to form Lo phase on its
own together with cholesterol, so the solubility of cholesterol in the
Ld phase is higher and the solubility of SM in the Ld phase is lower
with DOPC than with POPC [53]. However, if the PSM is replaced
by DPPC, domains can only be detected in GUVs if DOPC is used
as the fluid phase lipid, and not with POPC [10,11]. In considering
these results it is good to remember that in the phase co-existence
region both the Lo and the Ld phase are composed of all three
components at all times [54].
4. What affects the size of sterol-rich liquid-ordered
domains?
The size of sphingolipid and cholesterol rich lateral domains in
different model membrane systems varies greatly and the size of
such domains present in biological membranes is a matter of
current debate [55–58]. The size range for domains detected in cell
membranes varies with the technique used for the studies from a
Fig. 4. Quenching of cholestatrienol emission by 12-doxyl-PC in phospholipids
bilayers as a function of temperature. Sample F consisted of POPC: 12-doxyl-PC:
phospholipids: cholesterol: cholestatrienol (35:30:30:4:1, molar ratio), 12-doxyl-
PC was replaced by POPC in sample Fo. The phospholipids used were PSM, N-
palmitoyl ceramide phosphoethanolamine (PCPE) or PSM:PCPE 1:1 molar ratio.
The temperature was increased by 5 °C/min. Redrawn from [61] with permission.
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hundred nm indicated by single molecule tracking [55,56]. How-
ever, in model membrane studies the size of the domains seems to
be dependent largely on the size of the model system studied as
well as on the composition of the bilayers. The domains detected
by fluorescence microscopy in GUVs are micron sized. A recent
time resolved fluorescence resonance energy transfer study on
large unilamellar vesicles (LUV) indicated that domains ranging in
size from 20 to 100 nm were formed in binary and ternary lipid
mixtures of different compositions that exhibit phase co-existence
[57].
Sphingolipid enriched lateral domains in model membrane
systems are formed at certain lipid compositions in the bilayers.
By far the most commonly studied systems are DOPC: SM:
cholesterol and POPC: SM: cholesterol at different molar ratios,
and comparisons of them to the even more extensively studied
mixtures in which DPPC is the saturated lipid component. Phase
diagrams for these mixtures have been built up on the bases of
fluorescence resonance energy transfer (FRET) for LUVs [54]
and fluorescence microscopy and fluorescence correlation spec-
troscopy for GUVs [10,11,50]. NMR on oriented lipid bilayers
has confirmed the phase co-existence regions reported for the
GUVs [43,49]. Atomic force microscopy has the ability to detect
smaller assemblies of lipidswhich leads to identification of phase-
coexistence regions resembling those reported by FRET [59,60].
This, in turn seems to indicate that small, nm-sized Lo-domains
are present in the above mentioned lipid mixtures. The size of
these domains within the submicron range becomes increasingly
larger with the increase in total amount of Lo-phase present in the
system [57]. The presence of sterol-enriched ordered domains
have also been reported for lipid compositions that do not exhibit
large scale domain formation, like the POPC: DPPC: cholesterol
bilayers [11,46]. The domains that are detectable by different
techniques apparently vary to some extent and the question is
what degree of lateral segregation is actually needed for defining
lateral domain formation or phase separation in a bilayer. As
pointed out by de Almeida and coworkers [54] the compositional
differences between two phases might sometimes be too small for
the domains to be visualized by fluorescence microscopy. This
might be the reason for the smaller phase co-existence area in
the phase diagrams by Veatch and Keller [10] and Kahya and
Schwille [50] based on fluorescence microscopy compared to the
phase diagram reported by deAlmeida and collaborators based on
FRET [54]. Because of the technical problems discussed above it
is however very difficult to draw any clear conclusions as to how
the different lipid components of complex lipid mixtures actually
affect domain size.
5. N-acyl ceramide phosphoethanolamine — effects of the
sphingomyelin head group size and properties on
interactions with cholesterol
To study the effects of the phosphocholine head group size in
SM on intermolecular association and on SM/cholesterol inter-
action and ordered domain formation, we recently conducted
comparative experiments with N-palmitoyl ceramide phospho-
ethanolamine (Fig. 1) and PSM [61]. Replacing the phosphocho-line head group of PSM with phosphoethanolamine resulted in
markedly increased cohesion amongst the molecules (as de-
termined from the inverse isothermal compressibility coefficient
in monolayer membranes). This finding suggests a markedly
strengthened intermolecular interaction, probably due to possibi-
lities for closer packing. Because of the closer packing, hydrogen
bonding could provide some additional stabilization of the
interactions [61]. In line with this, the bilayer gel-to-fluid tran-
sition also occurred at a higher temperature for ceramide phos-
phoethanolamine (64 °C) as compared to PSM (41 °C). To
examine the effects on cholesterol association, both monolayer
and bilayer membranes were studied. In monolayers we observed
that the rate of cholesterol desorption to cyclodextrin from mixed
PSM/cholesterol or ceramide phosphoethanolamine/cholesterol
monolayer differed markedly. The rate was about 8–9 fold higher
from ceramide phosphoethanolamine monolayers as compared to
PSM monolayers (at 50 °mol% cholesterol in the monolayer).
This finding suggested that the affinity of cholesterol for ceramide
phosphoethanolamine was dramatically lowered compared to
PSM and that the interaction actually was unfavorable [61]. In
bilayer membranes composed of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC): ceramide phosphoethanolamine: sterol
(60:30:10), the highly ordered ceramide phosphoethanolamine
failed to form Lo-domains enriched in sterol (Fig. 4), suggesting
that the sterol preferred to interact with POPC rather than with the
ceramide phosphoethanolamine.
From experiments with glycerophospholipids it is known that
the affinity of cholesterol for phosphatidylethanolamine is less
than for e.g., phosphatidylcholine [40,62,63]. It is also known
that the bilayer solubility of cholesterol is less for phosphatidy-
lethanolamine than for phosphatidylcholine [64]. Clearly, the
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on sphingolipid/cholesterol interaction, despite the different
hydrogen-bonding properties of sphingolipids as compared with
glycerophospholipids.
6. The importance of N-linked acyl chains for sterol
interaction
TheN-linked acyl chain of SMhas been shown to be important
for stabilizing SM/cholesterol interaction in model membrane
systems [65]. This result was obtained from experiments in which
the enzyme-catalyzed rate of cholesterol oxidation was deter-
mined in 3-deoxy-2-O-stearoyl-SM and 3-deoxy-2-N-stearoyl-
SM monolayers and vesicles. The oxidation rate was markedly
slower in membranes containing the N-linked analogue, thus
indicating stronger cholesterol association with the N-linked ana-
logue and weaker interaction with theO-linked analogue. It is still
unclear whether the effect of the amide function on cholesterol
oxidation rates is due to stabilization of cholesterol/SM interac-
tion due to hydrogen bonding between the hydroxyl of cholesterol
and the amide group of the SM. However, FTIRmeasurements of
equimolar cholesterol/egg SM bilayers showed that addition of
cholesterol to egg SM bilayers (to an equimolar ratio) decreased
the amide I frequency compared to the sterol-free egg SM bi-
layers, suggesting a possible hydrogen bond formation between
the hydroxyl of cholesterol and the amide of egg SM [66]. A
recent solid-state NMR study comparing cholesterol/PC and
cholesterol/SM bilayer systems indicate, based on the downfield
13C chemical shift of the amide group, that cholesterol may
hydrogen bond to the amide of SM at higher cholesterol con-
centrations (Xchol > 22%), whereas at lower concentrations cho-
lesterol failed to affect δCO [67].
There are glycerophospholipid-based lipid analogues which
have N-linked acyl chains. These are e.g. phosphatidylethano-
lamines with N-linked acyl chains (Fig. 1) attaching to the
ethanolamine nitrogen [68]. The membrane concentration of N-
acyl phosphatidylethanolamines increase after cell stress,
especially in neural cells [69]. Since these lipids occur at least
to some extent in the plasma membrane compartment [70], it
was of interest to study whether they were able to favorably
interact with cholesterol or otherwise affect cholesterol
distribution in plasma membranes.
Synthetic N-acyl phosphatidylethanolamines with defined
acyl chains failed to interact favorably with cholesterol in
monolayer or bilayer membranes [71]. These phospholipids
also failed to form cholesterol-enriched lateral domains in
bilayer membranes. However, N-palmitoyl dipalmitoyl phos-
phatidylethanolamine showed good miscibility with PSM and
was able to displace cholesterol from cholesterol/PSM domains
in POPC bilayer membranes [71]. It also markedly stabilized
the PSM domains against temperature-induced disordering.
These results imply that N-acyl phosphatidylethanolamines
may affect the lateral distribution of cholesterol in neural cell
membranes, by affecting the properties of membrane SMs.
However, the N-acyl chain of N-acyl phosphatidylethanola-
mines did not induce a favorable interaction between these
lipids and cholesterol.7. Ceramides participate in lateral domain formation in an
acyl chain length dependent way
Ceramide in cells is generated in response to various agonists
and stress signals and it has been suggested that this occurs in
lateral domains enriched in sphingolipids and cholesterol [72,73].
SM hydrolysis to ceramide in response to nerve growth factor can
be abolished by disruption of domains through cholesterol
depletion which indicates the importance of intact sterol-enriched
domains for this process to occur [74]. The enzymatic degradation
of plasma membrane SM to ceramide gives an increased efflux of
cholesterol from detergent resistant membrane regions to HDL
particles in the surrounding medium [75]. Sphingomyelinase
treatment of cells also dramatically changes the cellular home-
ostasis of cholesterol and leads to cholesterol translocation from
the cell surface to intracellular membranes [76]. The concomitant
increase in ceramide concentration in the plasma membrane
leads to the formation of ceramide-enriched domains and drives a
structural reorganization of the membrane [72,77–79]. The mo-
lecular structure of ceramide (Fig. 1), with the hydrogen bonding
properties common for all sphingolipids, the very small polar
function and generally long saturated acyl chains, makes it pos-
sible for these molecules to interact very strongly and form highly
ordered structures in the membrane plane [80–82]. Ceramide
induces phase-separation of fluid PC bilayers into liquid–crys-
talline and gel-phase domains, with the larger part of the ceramide
found in the gel-phase fraction [80,83]. Ceramide, however,
seems to be unable to induce liquid–liquid phase co-existence as
cholesterol does [84]. The miscibility of ceramide with SM is
good and ceramide has been shown to partition favorably into
SM-rich domains [5,76]. On the other hand, it has been estab-
lished that ceramides have very poor affinity for cholesterol and
therefore these molecules separate into distinct sterol- and cera-
mide-enriched domains [78]. Recent data from model membrane
systems [46,85], lipoproteins [86], and caveolin-rich lipid rafts
[87] show that ceramide is able to compete with cholesterol for
association with SM-rich [46,86,87] or saturated phosphatidyl-
choline-rich [85] domains. A similar conclusion was made in
studies on the effect of ceramide and diglyceride on streptolysinO
binding to cholesterol and SM containingmembranes [88]. It was
recently shown that the partitioning of ceramide into the SM-rich
domain (from which cholesterol was displaced) also resulted in a
marked stabilization of the ceramide/SM domain against tem-
perature-induced melting [46]. These findings imply that cera-
mides have a more favored interaction or miscibility with SM as
compared with cholesterol.
The effects of ceramide on membrane organization and sterol
distribution are however dependent on the structure of the cera-
mide molecule.We have seen from the inability of cholestatrienol
to report a discontinuity in quenching efficiency in N-palmitoyl-
ceramide containingmembranes that ceramide can displace sterol
from sterol-rich domains with PSM, dihydro PSM and DPPC
[46,48]. Diacylglycerol has been shown to be able to displace
sterols from liquid-ordered domains in a similar way [85], which
indicates that the structure of diacylglycerols and ceramides, a
small head group and saturated acyl chains, gives them this sterol
displacing ability. At least for the ceramides this effect depends on
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and long N-acyl chains could displace sterol from PSM-rich
domains at a concentration of 15 mol% of the total lipid in the
bilayer. Ceramides with an 18-carbon sphingosine base and N-
acyl chains ranging from two to 16 carbons in length, all appeared
to partition into PSM-rich domains [89]. However, the effect of
ceramides on the thermostability of the PSM-rich domains was
markedly influenced by the ceramide N-linked chain length.
Strong stabilization of the PSM-rich domains was seen only with
C12 and longer ceramides, whereas the short-chain ceramides
mostly destabilized the PSM-rich domains. It has also been shown
previously that short chain ceramides are unable to induce lateral
phase separation into gel– and liquid–crystalline domains, which
C16-ceramide can do [90]. Ceramides with differentN-acyl chain
lengthswere shown to have very different effects on the activity of
phospholipase A2 in DPPC bilayers and of the studied ceramides
(C2, C6, C8 and C16) only the C16 ceramide was able to activate
phospholipase A2 [90]. A similar activating effect by a long-chain
ceramide on the phospholipase A2 activity in monolayer mem-
brane systems has also been reported [91]. Ceramides generated
in cells using sphingomyelinase have also been shown to induce
membrane leakage [92] and transmembrane scrambling of lipids
[93]. These effects can probably be correlated with the length of
theN-linked acyl chain and the molecular shape of the ceramides.
Some studies on heart mitochondria already indicate that the
effect of ceramides on membrane permeability is a process that
depends on the N-acyl chain length, with unspecific increase of
membrane permeability induced by short-chain but not by long-
chain ceramides [94,95].
Fully saturated N-palmitoyl-dihydroceramide stabilized PSM-
rich domains to an even larger extent against temperature than the
corresponding ceramide [48]. The ability of the dihydro species to
displace sterol from the domains was about the same as for
ceramide. This finding is interesting since there are differences in
biological activity between dihydroceramide and ceramide [96–
98], which therefore are unlikely to be explained by their bio-
physical domain forming properties. The effect of free long chain
sphingoid bases, sphingosine and sphinganine, on the sterol
distribution between lateral domains was also independent of the
trans-double bond [48]. Neither of the long-chain bases was able
to displace sterols from ordered domains with SM but instead
they seemed to stabilize the sterol-rich domains. This is in good
agreement with previous studies that showed no effect of sphin-
gosine on the distribution of cellular cholesterol [99]. A recent
monolayer study even suggests that sphingosine favors interac-
tion with cholesterol, which also could explain why they co-
localize in the same domains [100].
8. Sterols may become displaced from ordered domains by
membrane intercalators
As mentioned above the ability to displace sterols from
ordered domains is not exclusively restricted to ceramide, since
for example diacylglycerols can exhibit a similar effect. This
clearly abolishes the idea that the unique hydrogen bonding
ability of the sphingolipids would be the reason for this pheno-
menon [85]. Lange and co-workers have shown over the yearsthat cultured cells which were exposed to millimolar concentra-
tions of octanol displayed an increased mobilization of plasma
membrane cholesterol into the endoplasmic reticulum [101,102],
analogously to what has been shown for sphingomyelinase-
treated cells [76]. Simple single-chain alcohols (e.g., octanol and
hexadecanol) may indeed interfere with cholesterol-miscibility
in sphingolipid-rich domains in a similar manner as shown for
ceramides [48]. Hexadecanol has been shown to intercalate be-
tween the acyl chains of saturated phospholipids and to induce
tighter lateral packing in phospholipidmembranes [103].We have
shown that hexadecanol mixes with PSM, stabilizes domains
formed by PSM in a fluid lipid matrix and displaces sterol from
liquid-ordered domains in mixed lipid bilayers [48]. It seems that
hexadecanol substituted for cholesterol as a spacer between the
acyl chains of PSM, which led to an increase in order and pro-
bably to a more solid phase in the bilayers. However, the same
study showed that hexadecanol was not able to displace ceramide
from ordered domains formed by PSM and ceramide, rather it
seemed to stabilize these domains to some extent. The molecular
shape and perhaps the charge of the molecules seem to be of
importance when it comes affecting the lateral distribution of
lipids in general [104], and in particular to the ability to displace
sterol from ordered domains. The effects of membrane active
molecules on the raft-association of sterols in biological mem-
branes might be of key importance for their biological functions.
9. Glycosphingolipids form ordered domains in biological
and model membranes
The ability of glycosphingolipids (GSLs) to segregate into
distinct regions in cell membranes was recognized when the
enrichment of gangliosides in the synaptic junctions of neuronal
cells became evident [105]. Later studies have indicated that
GSLs in general tend to form ordered domains in biological
membranes as detected by labeled anti-glycosphingolipid
antibodies [106,107]. Concentrating these lipids into domains
might play a role when GSLs in the plasma membrane function
as receptors for toxins [108,109] and viruses [110]. Also the
caveolar internalization and recycling of GSLs has been shown
to involve microdomain formation in the endosomal mem-
branes [111]. The isolation of GSL-enriched domains from
biological membranes has often involved detergent extraction
techniques. Although GSLs can be found together with SM and
cholesterol in the detergent resistant fraction of biological
membranes it does not necessarily mean that these lipids are
located in the same lateral domains in native membranes. Some
studies have suggested that populations of ordered domains
with differing sphingolipid content may be present in biological
membranes [112,113]. A recent study, using lysenin to detect
SM and cholera toxin to detect GM1 ganglioside, showed that
these two sphingolipids were spatially and functionally
separated into different lateral domains in Jurkat T-cell mem-
branes [114]. GSLs at the cell surface also participate in cell–
cell interaction and recognition possibly through what has been
called glycosignaling domains or glycosynapses [115–117].
These GSL-enriched domains have been divided into different
subclasses according to the specific type of GSLs involved and
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recent study on “raft”-associated GPI-anchored proteins it was
also shown that there were significant differences in cerebroside
content in distinct detergent resistant domains in the same
natural membrane [119]. It is evident from studies on biological
membranes that the concept of GSL domain formation is
complex and dependent on the molecular structure of the
particular GSLs present.
The structural features in common for the GSLs are the
sphingoid base (mainly 18–20 carbons in length) and the long,
mostly saturated amide-linked acyl-chain. The structure of the
polar head-group may vary significantly from one neutral car-
bohydrate to large assemblies of carbohydrates and sialic acid
(neuraminic acid), which gives the gangliosides their charged
nature. The individual interactions between the sugar head groups
of GSLs are weak [120–122], and may even to some extent affect
the efficiency of close side-to-side packing [123]. For neutral
GSLs with one or two sugar units, the head group is oriented
essentially parallel to the bilayer normal (Fig. 1), which enables
fairly tight lateral packing for these lipids in bilayer membranes
[124,125], compared to SM which has the much larger phos-
phocholine head group oriented roughly parallel to the surface of
the lipid bilayer [126]. Due to their hydrophobic parts being
highly saturated and the ability to form extensive hydrogen-
bonding networks in the interfacial region natural GSLs have very
high Tm values [25,121,127,128]. GSLs evidently have the ability
to form gel-phase microdomains or partition into Lo-domains in
Ldmembranes [5,129]. The propensity to segregate in the plane of
the membrane has been shown to depend on the length and
saturation of the hydrophobic portion of a GSL in comparison
with the surrounding phospholipids as well as on the number of
sugar units present in the glycosyl portion of the GSL [130,131].
Because of their structure GSLs could be expected to have
favorable interactions with cholesterol. However, cholesterol does
not have a considerable effect on domain formation by at least
mixed brain galactosylceramides [132]. It has also been shown that
there is solid-phase immiscibility of N-palmitoyl-galactosylcer-
amide (N-P-GalCer) with cholesterol at temperatures below the Tm
of the glycolipid [133]. The conclusion was drawn that hydrogen
bonding between N-P-GalCer molecules hindered the interaction
with cholesterol. Cholesterol also seems to prefer to interact with
SM in the presence of both SM and GSLs [127,134]. The rafts co-
existing with the fluid lipid matrix of the plasma membrane have
been proposed to be in the Lo phase [128,135,136]. Cholesterol (or
a related sterol) seems to be essential for the formation of Lo phase.
However, ordered domains can be formed by saturated sphingo-
lipids in bilayers even without cholesterol and cholesterol can be
displaced fromLo domains by other molecules such as ceramide or
long-chain alcohols or amides [48,85,87,101]. It was recently
shown thatN-P-GalCer was unable to co-localize with sterol in the
same orderedmembrane domains when present as the only GSL in
the bilayer [46]. The same has been found to be true for N-P-
lactosylceramide (Maunula, Slotte and Ramstedt, unpublished
observations). The conclusion was drawn that in bilayer mem-
branes the neutral GSLs studied formed ordered domains which
were unable to accommodate sterol. When PSM was incorporated
in the complex lipid mixtures the saturated neutral GSLs seemed toparticipate in the PSM/sterol-enriched domain as studied by fluo-
rescence quenching [46]. This indicated that the partitioning of
GSLs between lateral domains is largely affected by the presence of
other high Tm lipids. The thermostability of the GSL-enriched
domainswas greater than for the PSM/sterol-enriched domain [46].
The acyl chain composition of semisynthetic acyl chain de-
fined galactosylceramides in a multilamellar liposomal system
(with different phospholipids as the matrix) has been found to
affect the way the carbohydrate group is presented on the mem-
brane, making it more easily accessible to galactose oxidase if
the acyl chains are longer [137]. The membrane environment
also influenced these features, since galactosylceramide was
more easily oxidized in a PC environment than in a SM
environment, independent of the acyl chain length of the SM
[137]. It was concluded that due to the similar ceramide
backbone structures of SM and galactosyl ceramide that the
glycolipid could penetrate into the bilayer through interactions
with SM. Studies with mammalian glycolipid transfer protein
(GLTP) also show that the transfer of galactosylceramide was
inhibited from SM containing membranes compared to vesicles
composed of PC [138]. If the acceptor vesicles contained SM the
GLTP catalyzed transfer was on the other hand increased. Such
results seem to indicate that there is a special interaction amongst
sphingolipids that could also stabilize lateral domains formed by
these molecules. However, it remains unclear to what extent
GSL, SM and sterol actually co-exist in the same lateral domains
in complex lipid bilayers. It is noteworthy that SM appears to be
able to modulate the transbilayer distribution of GalCer in model
bilayer membranes [139,140]. An AFM-study on GM1
localization in DOPC: SM: cholesterol (1:1:1, molar ratio)
mixed model membranes shows formation of ganglioside rich
microdomains within the liquid-ordered domains formed by SM
and cholesterol [60]. Such findings further emphasize the
complexity of lateral domain formation in sphingolipid contain-
ing membranes.10. Conclusions
Sphingolipids are important functional lipids in the mem-
branes of most tissues in the human body. A hallmark of their
properties is that they bring local order to otherwise disordered
and fluid membranes. One of the roles of cholesterol is apparently
to modulate the fluidity of the sphingolipid domains and also
to help segregate the domains for functional purposes. The
interaction of cholesterol with different sphingolipids is far from
equal. According to the emerging view of the lateral distribution
of membrane components it is clear that the addition of any
membrane active component might affect the distribution of
others. From the studies discussed in this review it is evident that
small changes in the structure of sphingolipids alter their par-
titioning between lateral domains substantially. Although we are
gaining increased understanding of the properties of simplemodel
membrane systems, we are still limited in our understanding of
lipid interplay in complex biological membranes. Clearly devoted
research is called for to further elucidate the role of lipids for
membrane structure and function.
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